This study measured dental personnel's exposure to nitrous oxide during dental procedures to compare exposures to occupational exposure limits, exposures between similar exposure groups, and results between passive and active sampling methods. Forty-one paired samples were collected using the Thermo Scientific™ Miran SapphIRe portable analyzer and the Advanced Chemical Sensor™ N-10 Passive Badge. Results were compared to the American Conference of Governmental Industrial Hygienists nitrous oxide 250 parts per million by volume (p.p.m. v ) excursion limit and 50 p.p.m. v 8-h threshold limit values. Similar exposure groups were determined by job title for dentists and dental assistants across six dental clinics. An independent t-test was used to determine if there was a mean difference between exposures for similar exposure groups. A Bland-Altman analysis was used to assess level of agreement between the two methods. Results over the 250 p.p.m. v excursion limit were identified in 21 of 41 (51%) paired procedures. Two passive 8-h threshold limit valuetime weighted averages were over the 50 p.p.m. v occupational exposure limit, one for each similar exposure group. There was no significant difference between similar exposure group concentrations using either sampling method (Miran, P = 0.071; passive badge, P = 0.106). However, the sampling results revealed dentists had higher exposures than assistants 81-86% of the time. The Bland-Altman analysis revealed the direct reading instrument and passive sampling methods differed by >25%. However, unexpectedly, the passive sampling method generally produced higher nitrous oxide results compared to the direct reading instrument sampling method. This study suggests nitrous oxide remains a serious exposure concern for both short-term high-intensity exposures and longer term 8-h exposures. Greater nitrous oxide exposures among dentists compared to dental assistants Annals of Work Exposures and Health, 2019, Vol. 63, No. 3, 337-348 doi: 10.1093/annweh/wxz003 Original Article allow for prioritizing control measures between similar exposure groups. Both sampling methods provide valuable worker exposure information, with the direct reading instrument monitoring providing a larger range for short-term exposures and passive sampling providing a less invasive monitoring option.
Introduction
Nitrous oxide is an odorless, tasteless, and colorless gas frequently used alone or in combination with other anesthetic gases or oxygen to anesthetize patients during surgical or dental procedures (Fernando and Nissanka, 1991) . Halogenated anesthetics and nitrous oxide are the two general types of anesthetics used in the healthcare industry. Halogenated anesthetics include such agents as halothane, sevoflurane, isoflurane, and desflurane, among others (Boiano and Steege, 2016) . Anesthesia is primarily used in the healthcare industry, presenting exposure risks to personnel working in medical and dental surgical suites; affecting such professionals as anesthesiologists, nurses, nurse anesthetists, midwives, physicians, medical technicians, dentists, dental assistants, veterinarians, and veterinary technicians (Boiano and Steege, 2016) . Anesthetic gases are typically administered to patients via a face mask, laryngeal mask airway, or tracheal tube connected to an anesthesia machine. Personal exposure may occur during administration from leakage near the face or laryngeal mask, around connections with the anesthesia machine, or anesthetic gas exhaled by the patient during and after the procedure (OSHA, 2000) .
Chronic exposure to nitrous oxide can cause megaloblastic erythropoiesis, hematological changes, and neurological features similar to subacute combined degeneration of the spinal cord (Fernando and Nissanka, 1991; Stanway, 2002) . Several human studies have shown that occupational exposure to nitrous oxide at concentrations greater than occupational exposure limits (OELs) may increase reproductive risks associated with reduced fertility and spontaneous abortions (Sanders et al., 2008) . Increased risk of blood dyscrasias, hepatic, hematologic, neurologic, renal, and liver disease has also been associated with nitrous oxide exposure (Yagiela, 1991; Szymańska, 2001; Stanway, 2002; Becker and Rosenberg, 2008 ; National Institutes of Health Office of Research Services (NIHORS), 2015). Howard (1997) states that nitrous oxide has also been linked to immunological disorders with risk increasing as exposure concentration and exposure duration increase.
Effects associated with nitrous oxide extend beyond personal adverse health effects and pose potential patient safety concerns as well. Acute neurologic effects from low-level anesthetic gases, such as nitrous oxide, among dentists and dental assistants have included decreases in mental performance, audiovisual ability, and manual dexterity (Fernando and Nissanka, 1991; Shaw and Morgan, 1998) . Specifically, decreased psychomotor performance regarding visual perception, immediate memory recall, cognition, and motor responses have been observed in personnel exposed to nitrous oxide concentrations up to 50 parts per million by volume (p.p.m. v ) over a period of 2 h according to Szymańska (2001) . These neurologic effects may lead to the inability to control a dental drill or unknowingly injecting a needle in the wrong location.
The Occupational Safety and Health Administration (OSHA) does not have an established permissible exposure limit for nitrous oxide. However, the National Institute for Occupational Safety and Health (NIOSH) has a recommended exposure limit of 25 p.p.m. and the American Conference of Governmental Industrial Hygienists (ACGIH) recommends an 8-h threshold limit value-time weighted average (TLV-TWA) of 50 p.p.m. v (ACGIH, 2013) . There is no short-term exposure limit for nitrous oxide but ACGIH does recommend transient exposures not exceed 150 p.p.m. v for >30 min during a workday and should never exceed 250 p.p.m. v as a ceiling value (ACGIH, 2013) . These excursion levels are recommended to prevent acute health effects from nitrous oxide exposure (ACGIH, 2013) .
Nitrous oxide exposures have been shown to vary according to job title and varying clinics, dental procedures, and scavenger mask-type characteristics. During an investigation of nitrous oxide exposures among dentists and their primary dental assistant by Dunning et al. (1996 Dunning et al. ( , 1997 , dentist exposures were significantly greater than dental assistants (97 versus 59 p.p.m. v , respectively), including greater excursion levels (1415 versus 986 p.p.m. v , respectively). Nitrous oxide concentrations have been characterized during a variety of dental procedures. Middendorf et al. (1986) characterized dentist nitrous oxide exposure in multiple dental operatories using a direct reading sampling method [Miniature Infrared Analyzer (Miran)-1A CVF Gas Analyzer®] and found mean procedural personal sampling results ranging from 64 to 659 p.p.m. v during procedures lasting between 10 and 120 min. Kugel et al. (1989) Airborne nitrous oxide sampling has historically included direct reading instrumentation and passive techniques. Direct reading instrumentation methods typically include the NIOSH analytical method 6600, which specifies a field portable infrared (IR) spectrophotometer (NIOSH, 1994) . Field portable direct reading analyzers allow for a variety of sampling advantages to include instantaneous analysis of concentrations, measurements over short averaging intervals, and measurements as a TWA integrated across an extended work shift. These characteristics allow for not only determining personal worker breathing zone exposures across short-and long-term exposure durations, but also detecting sources of nitrous oxide leaks from such sources as anesthesia machines and scavenging systems. Despite these advantages, portable analyzer limitations in the field include their large and cumbersome size, which reduces practical use in remote locations, high expense associated with equipment purchase/maintenance (initial costs of ~$25 000 with annual maintenance costs of ~$900), and advanced technical training necessary for personnel to operate the equipment.
Passive monitoring typically uses a badge that is clipped to a worker's collar in their breathing zone where nitrous oxide diffuses on the sampling media for later laboratory analysis. Passive monitoring analytical methods include the OSHA sampling and analytical method 166, which specifies passive monitor samples will be thermally desorbed and analyzed with an IR spectrophotometer (OSHA, 1994) . Advantages of the passive monitoring technique include their compact and portable characteristics along with minimal required sample manipulation. In addition, passive monitoring badges have a low initial analytical cost of ~$50-$100 per sample, no power requirements, allows for unattended operation, and poses minimal risk of malfunction (Mazur et al., 1980; Gorecki and Namieśnik, 2002; Yu et al., 2008; Zabiegała et al., 2010) . Passive monitors have the added advantage of avoiding intrusiveness on sampled personnel normally associated with other sampling methods that could otherwise impede the dentist or dental assistant from performing their duties effectively (Zabiegała et al., 2010) . However, the uptake rate of passive badges is set by design so airflow cannot be modified like most active sampling devices. Furthermore, passive badges typically have poor limit of quantification (LOQ) characteristics for samples of short duration and may be adversely affected in environments with poor air movement through the diffusion path (Gorecki and Namieśnik, 2002) . When compared to field direct reading instruments, passive dosimeters are less likely to detect short-term peak nitrous oxide concentrations that may pose acute health effects.
Although several studies have been conducted to characterize nitrous oxide exposures in medical and dental applications, few studies have compared results of direct reading instrument and passive sampling methods or used both methods to characterize exposures. In one of these studies, Bishop and Hossain (1984) compared two passive samplers (Solid-State Sensor® and Landauer NITROX® passive monitor) and bag sampling to active sampling methods (Miran-1A® IR), in measuring nitrous oxide concentrations in medical, dental, and veterinary facilities. Between 4 and 330 p.p.m. v , the Landauer NITROX® passive sampler compared more favorably with the direct reading instrument than the Solid-State Sensor® or bag sampler that suggests sampling technique should be targeted toward specific occupational exposure control goals. Mukerjee et al. (2004) compared passive nitrogen dioxide (NO 2 ) samplers to active continuous samplers to determine if there was a difference between results and found precise results (<5% relative SD for NO 2 measurements from collocated passive samplers when compared to active sampling results. However, the passive samplers over predicted NO 2 concentrations when compared to the active sampling results because of the variability in the lack of a statistical fit test. Mukerjee et al. (2004) concluded that method evaluations should continue to be conducted to further establish passive sampling capabilities. In addition, they suggest these method evaluations of passive samplers should be a routine quality assurance component when deployed in exposure assessment studies.
The current investigation was performed to characterize occupational exposures to nitrous oxide for dental and dental assistants working in dental clinics by comparing exposure measurements between direct reading and passive sampling methods. Further, the purpose of this investigation was to compare measured nitrous oxide concentrations to ACGIH excursion and 8-h TLV exposure limits. Finally, this investigation compared exposures between dentists and dental assistants to determine which SEG has the greatest nitrous oxide exposure risk.
Methods
Sampling of dental personnel occurred at six different clinic locations in 10 days and involved 8 dentists and 10 dental assistant volunteers from 25 July 2016 to 17 November 2016. Personnel worked in dental operatories within regional healthcare facilities located in Arizona, Oklahoma, and New Mexico. Fifty-two samples was the a priori determined minimum sample size needed to maintain 80% power for analysis with a large effect size.
Locations were selected based on availability, willingness to participate, and number of anticipated dental procedures using nitrous oxide. All operatories were of similar temperature, size, and overall working condition. Each dental clinic used similar standard operating procedures and nitrous oxide delivery systems, and all facilities were built, owned, maintained, and operated by the same agency. The only environmental difference between locations was atmospheric pressure, where the local atmospheric pressure was entered into the direct reading instrument software before sampling commenced.
Thermo Scientific™ Miran SapphIRe (Franklin, MA, USA) portable analyzers using an IR spectrometer for gas monitoring (Miran), and Advanced Chemical Sensor (ACS) N-10 passive dosimeters (Boca Raton, FL, USA) were used to measure nitrous oxide levels during each dental procedure. The Miran SapphIRe's used for this study were factory calibrated by Thermo Scientific TM before use. Passive dosimeters were analyzed by an American Industrial Hygiene Association (AIHA)-LAP, LLC and New York Environmental Laboratory Approval Program accredited laboratory.
The nitrous oxide delivery and scavenging system at each location was inspected prior to sampling to ensure proper function and no equipment leaks. This was conducted by visual inspection of the equipment and by quantitative leak testing using the Miran.
Preparation for measurements included turning on the Miran at least 30 min before use, allowing the electronics to warm up. The Miran is sensitive to pressure differences and was corrected using manufacturer guidance prior to sampling at each site by manually entering the measured atmospheric pressure (Thermo Fisher Scientific, Inc., 2007) . The Miran was zeroed by measuring the nitrous oxide concentration of uncontaminated air. This included purging and zeroing the direct reading instrument with uncontaminated air (Middendorf et al., 1986) .
The Miran sampling probe was connected to a sampling tube and located within the dental employee's breathing zone (e.g. clipped to a collar). The breathing zone is defined as the zone within a 25.4 cm (10 inch) radius of a worker's nose and mouth. It has been generally assumed that a contaminant in the breathing zone is homogeneous, and its concentration is equivalent to the concentration inhaled by the worker (Ojima, 2012) . The passive dosimeter was also attached in the same breathing zone (e.g. clipped to the collar opposite the direct reading instrument sampling hose) of the dental employees. Sampler placement is shown in Supplementary Figure 1 (available at Annals of Work Exposures and Health online). In accordance with quality control procedures for OSHA sampling and analytical method 166, two field blank samples were collected per clinic. A total of 12 blanks were collected and all were below the method's 1 p.p.m. limit of detection.
The sampling tube connected to the Miran was 4 m in length to provide dental employees ample room to move as needed to conduct the dental procedures. The sampling tube was provided by Thermo Scientific TM (Part No. CR015AB) and was the same corrugated polyethylene tubing used with the Miran SapphIRe sampling wand. Adverse effects on reported nitrous oxide results due to sampling tube length was not anticipated as equipment operation continued beyond the 18 s response time of the equipment and through the end of each procedure to ensure remaining nitrous oxide in the sampling tube was detected by the direct reading instrument. Each tube was connected to its designated Miran, with the particulate filter in place. Similar exposure groups (SEGs) were defined by job title, dentist or dental assistant, and were sampled simultaneously and identically. In some cases, sample results were not available because of equipment malfunction. If equipment malfunction occurred, all samples that were affected were removed from further analysis.
Each device sampled from the time nitrous oxide use began until the time the nitrous oxide supply mask was removed from the patient. After procedure completion, the ACS N-10 dosimeter was removed and the Miran was stopped. The ACS N-10 dosimeter was used, maintained, and shipped according to the manufacturer's provided instructions, which included affixing an aluminum foil cover over the sampling media, placing in a plastic bag, and then placing into a 'zip-lock' pouch for shipment to the laboratory. All samples were analyzed within the stipulated 2-week hold time.
The Miran provided three TWAs: 15 s (excursions), procedural, and 8 h. All comparisons of the TWAs between ACS N-10 dosimeter and Miran sampling methods used the same averaging time, be it per procedure or per 8-h workday. Note, the maximum LOQ for the ACS N-10 passive dosimeter was 500 p.p.m. v . All results exceeding the maximum LOQ were recorded as 500 p.p.m. v and used for analysis as this is the best estimate of the actual result. The ACS N-10 dosimeter and Miran 8-h TWA was calculated. This would be the cumulative average dose in an 8-h day for each volunteer. The duration of the workday that had no exposure was assumed to be a concentration of zero.
Descriptive statistics, including upper tolerance limits, were used to characterize dental employee exposure to nitrous oxide by sampling method and job title. TWAs and excursion levels were then compared to ACGIH TLV guidelines. Results were log-normally distributed. An independent t-test was used to determine if mean sample results were significantly different by job titles (dentist versus dental assistant) and by sampling method using an alpha level of 0.05.
Bland-Altman analysis was conducted to measure the degree of agreement between the Miran SapphIRe portable analyzer and the ACS N-10 passive badge nitrous oxide sampling methods. The analysis compares methods quantitatively and visually as a plot of percent difference relative to the mean difference between the methods versus the mean value between the methods (Giavarina, 2015) . The plot is meant to define the intervals of agreements but does not indicate acceptability of the limits (Pallant, 2010) . The methods were considered equivalent if the mean percent difference was within 25% v with 95% confidence, consistent with the OSHA accuracy criteria (OSHA, 1994) .
This study was reviewed by Uniformed Service University of the Health Sciences Institutional Review Board, which classified this study as exempt from further review.
Results
A total of 41 paired samples were collected during 23 dental procedures using nitrous oxide in seven different dental operatories at six different facilities. Five Miran samples were removed from further analysis because of instrumentation error related to incorrect equipment application set-up prior to the sampling process. All ACS N-10 dosimeters performed as expected and were included in dosimeter-specific analysis. The sampling results were log-transformed to meet the assumption of normality for statistical analysis. Sampling concentrations were reported as a TWA for the duration of each dental procedure and for the full workday (expressed as an 8-h TWA).
All procedural and 8-h TWAs for the ACS N-10 dosimeters were provided by the laboratory based on the sampling time. A total of four ACS N-10 dosimeters exceeded the 500 p.p.m. v maximum LOQ value, three dentists, and one dental assistant. For the ACS N-10 dosimeters that exceeded 500 p.p.m. v , 500 p.p.m. v was used as the best approximation of exposure.
Among Table 2 . Table 3 further provides a summary of results, including the upper tolerance limits (UTLs) for dentists and dental assistants by procedure. UTLs were used in place of 95% confidence levels to be more conservative when determining dental employee exposure. A UTL is the point estimate of an upper percentile in the exposure distribution and its upper confidence (Mulhausen and Milz, 2015) . For example, the dentist's mean UTL was 1245 p.p.m. v , meaning that there is 95% certainty that 95% of the exposures are <1245 p.p.m. v . The UTLs were calculated using the AIHA version 235 'IHSTAT' preprogrammed spreadsheet statistical package according to the methods described by Mulhausen and Milz (2015) .
Of the 41 total procedures, 21 had at least one excursion over 250 p.p.m. v . That equates to 51% of the procedures sampled exceeding ACGIH guideline for the nitrous oxide excursion limit.
To compare dentist and dental assistant exposures, independent t-tests comparing the means from the Miran and ACS N-10 dosimeters were conducted. As shown in Fig. 1 and Table 4 , there was no significant difference in airborne exposure levels between dentists and dental assistants when comparing methods, P-values of 0.106 (ACS N-10 dosimeter) and 0.071 (Miran). Although no statistical difference between job titles was seen, dentists showed a higher mean result in both ACS N-10 dosimeter and Miran sampling results when compared to dental assistants. Dentists had higher exposure results 81.3% of the time using the ACS N-10 dosimeter and higher exposure results 85.7% of time using the Miran when compared to dental assistants. Overall, the ACS N-10 dosimeter method produced higher nitrous oxide exposure measurements than the Miran 76% of the time.
Bland-Altman analysis was used to measure the degree of difference between the Miran and the ACS N-10 passive badge. Procedural-based exposure concentrations revealed the methods differed by >25% with 95% confidence. Figs 2-3 show the amount of agreement between the two methods by SEG using the percent differences and the mean of the method concentrations for each dental procedure. The mean percent difference and the 95% confidence interval (CI) are indicated by dashed lines. The dentist SEG (Fig. 2) shows the geometric mean percent difference between sampling methods was 26% (95% CI −95 to 150%). The dental assistant SEG (Fig. 3) shows the mean percent difference between methods was 49% (95% CI −80 to 180%).
Discussion
According to guidance from ACGIH, nitrous oxide levels should not exceed 250 p.p.m. v at any point during a dental procedure. However, 51% of the 41 procedures had at least one excursion over this limit. There are many variables that could contribute to these high levels of nitrous oxide in the breathing zone of dental employees, many of which are difficult to control during actual dental procedures. Examples include the body positioning of the dentists and dental assistants respective of each other, possible short-circuiting of ventilation systems, poor mask fit on patients, rapid or mouth breathing patterns of patients, poor scavenging system flow rates, and poor ventilation system air exchange rates. Characteristics such as single-versus double-mask scavenging, percent nitrous oxide administered, and operatory size have been determined to affect nitrous oxide exposures as well (Henry and Jerrell, 1990; Freilich et al., 2007) . Comparing dentists to dental assistants showed no statistically significant difference when using both the ACS N-10 passive badge and Miran SapphIRe active portable analyzer sampling methods. This result was not expected when compared to the literature (Dunning et al., 1996 (Dunning et al., , 1997 . However, the current investigation was similar to the results of a study of nitrous oxide exposure among midwives and assistant midwives where there were non-significant differences in exposure between the two groups (Westberg et al., 2008) . Despite the non-significant difference in nitrous oxide exposure, dentists may have had greater nitrous oxide exposures because of working in closer proximity to the patient in the early stages of the procedure when there is greater opportunity for exposure. The non-significant differences may have been due to sources of nitrous oxide exposure from delivery system leakage, poor scavenging, or patient exhalation resulting in similar exposures for dentists and dental assistants.
The expectation was that there would be an insignificant difference between the Miran SapphIRe portable analyzer and the ACS N-10 passive badge. However, the passive monitor generally resulted in greater nitrous oxide exposure concentrations for both dentists and dental assistants compared to the Miran, which may have been due to concentrations outside of the Miran's dynamic range. The current investigation is similar to a study comparing direct reading and passive sampling methods for formaldehyde in medical laboratories, revealing greater results for passive sampling methods compared to direct reading sampling methods (Lee et al., 2017) . Possible issues affecting nitrous oxide concentrations measured by the ACS N-10 passive badge could have included turbulence generated because of dentist and dental assistant arm movement. The greater levels could have also been due to the challenges of passive monitoring associated with high-or low-air movement conditions that affect analyte uptake. Conversely, the Miran SapphIRe portable analyzer could have sampling interference relating to carbon dioxide and water vapor (Henry and Jerrell, 1990; Henry and Primosch, 1991; Zabiegała et al., 2010) . However, we would not expect these interferences to differ between the dentists and dental assistants during the sampling process. A d d i t i o n a l p o t e n t i a l r e a s o n s f o r m e t h o d disagreement include an insufficient number of samples for the study, human factors (inadvertently blocking sampling device during routine dental activities), and differences in sample media placement on the worker, as hand dominance was not considered when placing sample media during this study. Future studies should focus on controlling these variables in test chambers in a laboratory setting to explore potential causes of the observed difference and improve understanding.
The Bland-Altman analysis provided a degree of agreement greater than the maximum 25% threshold established a priori for both dentist and dental assistant SEGs. However, a consistent bias was not seen with this study. If the points on the Bland-Altman plot are scattered, above and below zero, then it suggests that there is no consistent bias of one approach versus the other (Kalra, 2017) . Despite a lack of consistent bias between the methods, the direct reading and passive sampling methods appear to provide dissimilar personal nitrous oxide monitoring results, particularly at concentrations >50 p.p.m. v , when using 25% as the acceptable difference threshold. However, it has been reported that a difference threshold of 35% may be more appropriate for field studies due to highly variable environmental conditions compared to the 25% difference OSHA criteria relevant for laboratory studies (Bartley et al., 2007; Lee et al., 2011 Lee et al., , 2017 . The lack of agreement between methods in the present investigation could be partially explained by recognizing that field studies may be expected to have lower levels of agreement than laboratory studies. Possible issues affecting the ACS N-10 passive badge and the Miran SapphIRe portable analyzer would be the same as mentioned previously.
Limitations of this study were associated with the inability to control all variables that could increase nitrous oxide exposure levels. It was also not possible to measure all process characteristics. Characteristics such as single-versus double-mask scavenging and scavenging system flow rates should be measured during future studies. According to NIOSH (1977) , the scavenging system flow rates should be at least 45 l min -1 to minimize leakage of nitrous oxide. NIOSH also states that flow rates of <40 l min -1 may result in significant leakage around the mask. Quantification of scavenging flow rates could have assisted in describing nitrous oxide variability in addition to job title and sampling method. Future studies should measure ventilation-related characteristics such as scavenging system flow rates and room ventilation characteristics to help determine effective scavenging rates and room airflow necessary to control nitrous oxide exposures.
In addition, the standard manufacturer calibration included only a linear range of 1-100 p.p.m., which was well below many of the concentrations measured by the Miran in this study. Concentrations outside the manufacturer's calibration range may no longer be directly proportional to concentration. Measurements taken outside the instrument's calibration range could have contributed to the poor agreement between the results of the passive badges and the Miran.
Future studies should consider focusing on nitrous oxide exposures due to accumulation from previous procedures when back-to-back procedures occur. This additional information may provide further insight into the effectiveness of the room's ventilation system and the time necessary between procedures to purge the dental operatory of nitrous oxide before beginning the next dental procedure.
There were four ACS N-10 passive monitor results that were above the maximum LOQ (500 p.p.m. v ). These results, when paired with the associated Miran results, are a source of error as the actual concentration is not known. This would also be the case with the associated 8-h TWAs that were provided by the laboratory. The actual 8-h TWAs are expected to be underreported for concentrations reaching the 500 p.p.m. LOQ. However, this situation is not expected to have adversely affected the investigation since; if not for this potential underestimation using passive monitoring, differences between the sampling methods may have been more pronounced.
Conclusions
This study was conducted to determine nitrous oxide levels in the breathing zones of dental employees, compare exposure profiles for dentists and dental assistants, and compare the Miran SapphIRe portable analyzer active sampling method and the ACS N-10 passive badge method. Exposures exceeding the 250 p.p.m. v excursion level were found in >50% of the monitored procedures whereas 10% of 8-h TWA exposures exceeded the 8-h TLV-TWA of 50 p.p.m. v . Thus, excursions limits may be the OEL of greatest potential concern. In addition, with the high UTLs seen in this study, 8-h TWAs could also become a significant concern if multiple dental procedures using nitrous oxide are conducted in succession.
Despite not being statistically different, the consistently greater nitrous oxide exposures among dentists compared to dental assistants allow for prioritizing control measures for specific SEGs. This prioritized control technique could include identifying sources of leaks in the procedure room according to SEG proximity to nitrous oxide sources.
Although differences in sampling methods were noted in this investigation, both sampling methods provide valuable information regarding worker exposures. Active field portable monitoring techniques such as the Miran SapphIRe portable analyzer are valuable for measuring short-term high-intensity exposures for eventual comparison to excursion limits while also assisting with identifying nitrous oxide leak sources.
Alternatively, passive monitoring techniques are less invasive and simpler to use. The higher nitrous oxide exposures measured using the ACS N-10 passive badge relative to the Miran active sampler may be advantageous as it provides a more conservative exposure estimate for comparison with an OEL.
Overall, both sampling techniques could be viable options for sampling if they meet the goals of an organization's exposure monitoring program. Direct reading field monitoring techniques provide more granularity to produce an exposure profile and should be used where possible. However, because manufacturers do not always calibrate direct reading equipment across the full range of concentrations, users should specifically request manufacturers calibrate equipment across the full linear range. Alternatively, uses should conduct field calibration and derive calibration curves that encompass the full range of concentrations anticipated in the workplace.
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